The maximum permissible pressure decreases with increasing time between hydro tests but is increased each time a test is conducted. The minimum values that occur just prior to a test either increase or decrease with time, depending on the vessel temperature. The minimum value of these minimums is presently specified as the maximum permissible pressure. For three vessel temperatures of particular interest (80, 88, and 11O"F) and a nominal time of 3.0 EFPY(I 00 MVV)between hydro tests, these pressures are 677, 753, and 850 psi. For the lowest temperature of interest (40°F), the maximum permissible pressure is 295 psi. Introduction Extending the life of the HFIR pressure vessel from 26' to 50 EFPY(l 00 MVV)requires the recalculation of the maximum permissible pressures as a function of vessel temperature (Tv). For normal operation, the highest value of~is 11O"F (primary-system coolant-inlet temperature equals 120"F, and pool temperature equals 90" F), and the lowest value is 80°F (minimum permissible temperature of coolant in the cooling-tower basin). An intermediate value of particular interest is that used to establish the vessel pressure safety limit. This temperature was specified as the primary-system inletcoolant-temperature trip point for primary-system pressure reduction. This temperature is 88" F.' There also may be a need to pressurize the primary system when the coolant temperature is below 80"F, the lowest credible temperature being 40"F. Thus, maximum permissible pressures are needed for vessel temperatures in the range s 40-120"F. There are two basic methods for calculating the maximum permissible pressure: (1) ASME Code,2 which uses rather large safety factors to account for uncertainties and (2) the equal-potential method, which takes advantage of knowledge gained from periodic hydrostatic proof tests. This latter method is the one used for calculating the hydro-test conditions and is also the method used in this report for calculating the recommended maximum permissible pressures. It results in higher pressures than obtained with the ASME Code because a successful hydro test reduces the uncertainties.
in previous calculations of pressures for the low end of the temperature range (40-80"F), the ASME Code approach was used,'''" and the relatively low pressures did not constitute excessive restrictions. Even so, it is prudent to achieve as much operational flexibility as is reasonable, and this can be accomplished by using the method that results in the highest permissible pressure.
The presently specified maximum permissible life for the HFIR pressure vessel is 26 EFPY(I 00 MVV),which will be achieved in -2005.
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Method of Analysis
As discussed in Ref. 6 , the condition that must be satisfied in the equal-potential method is
K/(t) K/(HT) K,C(HT) ' (1)
where K,(t) = stress intensity factor at time t during normal operation K,(H~= stress intensity factor for hydro-test conditions K,C(t) = fracture toughness of material at time f during "normal" 
bBecause Aa k quite small compared to~, and because p(t) is insensitive to the value of 3,3 the same value of Q is used for all pairs off and t(HT). Use of the equality sign in Eq. (2) is justified by including appropriate uncertainty factors for specific parameters.
The expressions for K,Care
K,C(HT)= A + B exp [c"E(HT)] ,
where A,B,C = constants The flaw specified by the ASME Code* is a semi-elliptical surface crack normal to the surface and to the principle stresses. It has a surface-length to depth ratio of 6 and a depth of 1.0 in. The critical location (maximum value of KjK,C)of the flaw is at the inner surface of the vessel in the nozzle weld directly above the HB-3 nozzle, and it is oriented axially.7
E(HT)= T~HT)-RTND~HT)= T~HT)-RT~D~o-e"ANDTT4(HT)
The above method of analysis is based on plain-strain linear elastic fracture mechanics (LEFM), the applicability of which is limited by T-RT~~,and dimensions of the "specimen" 3.
Input to Calculations
With a few exceptions, input for the calculations was taken from are considered. For normal steady-state operation, the temperature of the primarysystem coolant adjacent to the vessel wall is 120°F, the temperature of the pool water is 90°F, and the fluid-film heat transfer coefficients are nearly equal. Thus, the temperature at the tip of the assumed 1.O-in.-deep, inner-surface flaw is -11 O"F. The next highest vessel temperature of particular concern is the minimum value corresponding to the primary-system coolant inlet-temperature trip point for system depressurization. This minimum value is 88"F, conservatively neglecting the difference in temperature between the primary-system coolant and that in the pool.
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. The lowest vessel temperature for "normal" operation is conservatively assumed to be equal to the minimum temperature of the coolant in the basin of the cooling tower. This limiting temperature has not yet been specified for reactor operation beyond 26 EFPY(I 00 MVV)but is expected to be close to 80"F. Because of thermal inertia in the primary and secondary systems, it is very unlikely that the vessel temperature would be at the basin value. If the calculated maximum permissible pressure corresponding to the basin temperature is too low, a more rigorous evaluation of vessel temperature maybe required.
For low-pressure/low-temperature operation, the range of temperatures of interest is 40
to 80"F. Thus, e (max) tends to result in the lowest value of p(t).
T"(t) < Tv(HF or e=o, K,C(t)c K,c(/-/:
:. p(t)= /Y(/-/T)
Thus, e (mh) tends to result in the lowest value of p(f).
T"(t) = TV(HT)
For e=o, K,C(t)= K,C(HT) .
-.p(f) = /3(/-/7-)
For e=~, K,C(t)= K,C(HT) :. p(t)= p(l+3
, there may be a value of e within specified extremes that results in p(f) c p(F/7). Thus, several values of e must be considered. A reasonable range is 0.5 to 1.5,3 although this range could shrink as more surveillance data become available.
The uncertainty of *34°F included in Table 1 for RTND~is a two-standard deviation (2@ value that was recommended by the Nuclear Regulatory Commission (NRC) for pressure vessel steels (see Appendix A) and was used in the evaluation of the HFIR .
vessel life extension.a WMhreference to Eqs. (5)- (9), increasing RTMD~tends to either increase or decrease K,[t)AK,C(/+T)depending on the relative values of ;~t) and T#+T), & but in either case driving it to unity (K,capproaches A). Thus, several values of R TNDõ
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. and e within the specified limits must be considered in a parametric evaluation to find the "optimum" values.
.
The value of AND"TT included in Table 1 Table 1 of this report. It is expected that a more rigorous evaluation of the gamma effect will be made in the near future, but it is believed that the range of e values included in the present study is sufficient to cover the present uncertainty.7
The value of A = 8.8 XI O-3in./EFPY(l 00 MW) was taken from Ref. 8. It is ten times the value calculated using the method included in the ASME Codeg and is considered to be a + 2avalue. The effect of including flaw growth is quite small,8 and for that reason it .
was excluded from many of the earlier calculations and also from some of the calculations in this report, in which case a'= O. .
Calculations
4.1
Parametric analysis
The purpose of the parametric aspect of the analysis was to determine the values oft, e, and R T~D~that result in the minimum value of the maximum permissible pressure.
The parametri~analysis was performed using at least three values of e (0.5, 1.0, and 
Tv(H~.
By introducing the values of these parameters, Eqs. (2)- (8) become, in the order of the calculational process, 
All of the values of p(t) calculated for At = 2.6 EFPY(I 00 MW) to determine the minimum value for each of the vessel temperatures considered in the range 40 to 120"F are included in Appendix B, and the minimum value for each temperature is included in Table 2 , which also includes the corresponding "optimum" values of f, f(/-/7), e,and RTND~. The time fin Table 2 is the time for which the minimum value of p(t) was calcula~ed, and f(H7) is the time of the preceding hydro test.
The above minimum values of p(t), which constitute the maximum permissible pressures, if only one value is specified for each temperature for the duration of the lifeextension period, are plotted in Fig. 1 as a function of vessel temperature. .,. . ,,., {: . . . The discontinuity in Fig. 1 indicates a step change in one or more of the parameters in the equations, and, as indicated in Table 2 , there is a step change in t [28.6 to 50 EFPY(IOOMVV)]and RT~~~~(-24 to 44"F) between TJt) = 90 and 95"F, consistent with the value of Tv(t) at which the discontinuity occurs. Also, the results in Appendix B indicate that at Tv(t)= 95°F the minimum value of p(t) is nearly independent of the values oft and RTM~~and is approximately equal to 850 psi = p(F/T). For p(t) = p(/-/Tj and a = O, Eqs. (5) aid (6) must be equal, and thus Eqs. (7) and (8) must also be equal.
Setting Eqs. (7) and (8) The reduction in o'p(f)/d T~t) at Tv(f)= 94.5°F is the result of the step increase in t and
T#) = TV(HT) -RT~D~O-e "A/VDTT(t -At)+ RT~D~O-e "ANDTT t = TV(HT) + e .ANDTT .At
RTNDr . Increasing these two parameters decreases Tvf) -RTND~, in which case K,c(t)/K~c(H7)approaches unity asymptotically. Thus, dp(t)/~Tv(t)] approaches zero.
4.2
Maximum permissible pressure as a function of time for At = 2.6 EFPY(IOO
MW)
Based on the above discussion, for Tv(f) (a' = O, At = 2.6) = 94.5"F, the maximum permissible pressure is independent of time and is equal to 850 psi, the hydro-test pressure. Thus, for T~t) > 94.5"F, the maximum permissible pressure is greater than 850 psi but decreases with time, becoming asymptotic to 850 psi. For T,(t) <94.5"F, the maximum permissible pressure is less than 850 psi but increases with time, also
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becoming asymptotic to 850 psi. Thus, for T,(f) >94.5"F, the minimum value of the maximum permissible pressure occurs at the end of the life-extension period, and it occurs at the "beginning" [28.6 EFPY(I 00 MW)] of the life-extension period for T,(t) c94.5" F.
The above trends are indicated in Table 2 one value of the maximum permissible pressure is to be specified for each of these temperatures for a specified period of time, such as the entire life-extension period, these values must be specified. However, if values are specified for successive time periods, higher values can be specified for some of those periods. Also, as more surveillance data become available, it may be possible to reduce the extremes of e, and that also will increase P(t)~in.
4.3
Sensitivity of p(f)~jn to the tolerance on At
As indicated in Table 1 , the presently specified tolerance on At is .~~~EFPY(~00 MW).
To determine the effect of this tolerance, minimum values of~(t)min were calculated for a = O and At = 2.60 + 0.12 = 2.72 EFPY(I 00 MVV)to compare with the values in Table 2 .
The comparison is made in Table 3 , which indicates that the decrease in the minimum value of P(t,)~io that results from adding the tolerance to At increases from 1 psi for T~f)= 40"F to 4 psi for TJt) = 90"F. For T,(f) > 95"F, the decrease is less than 1 psi. Thus, the effect is very small.
The temperature corresponding to p(t)= P(H) is obtained from Eq. (1O) 
4.4
Sensitivity of p(t)~in to flaw growth
With reference to Eqs. (2) Corresponding minimum values of p(f)~i. are included in Table 3 
Sensitivity of p(~~jn to characteristics of K,c = f(T-RTNDJ curve
Previous studies have indicated a sensitity of p(t)~into the characteristics of the K,== f(T-RTNDJ curve.3#9It was concluded that for the calculation of p(HT) and At, the ASME lower-bound K,Ccurve8was appropriate.g Thus, this curve was selected for the present study. As a further check, however, values of p(t)~inwere also calculated using the ASME K,~curve,awhich is a lower bound to the dynamic and crack arrest data. Results of the comparison analysis (Appendix F) demonstrate that the ASME lower-bound K/C curve results in the smallest values of p(t)~i. and thus is appropriate for this study.
A point of interest with regard to using a lower-bound curve is that the lower-bound curve can be multiplied by a constant to obtain reasonable mean and upper-bound curves that do not alter the values of p(tj~i. because, as indicated by Eq. (2), the constant cancels. 
K,C(t)
.". p(f) = 1.1602 x 103 -326
K,C(HT)
For At = 3.00 EFPY(I 00 MW) and T~f) = 40-90"F, t = 29.00 EFPY(I 00 MVV)and t(/-/7) = 26.00; forzlt = 3.00 and T#) = 100-120°F, t= 50.00 and t(FfT) = 47.00; for At = 3.12
and T#) = 40-90"F, t = 29.12 and t(F/T) = 26.00; and for At = 3.12 and Tv(t)= 100-120"F, t= 50.00 and t(/-/= 46.88, where tis the time of the minimum value of p(t)~,n.
The calculated minimum values of p(t)tifl are included in Table 3 . A comparison of these data with those for At= 2.60 and 2.72 EFPY(I 00 MW) indicates that the reduction in P(t)~indue to increasing At from 2.6 to 3.0 EFPY(IOO MVV)is quite small. For T,(t) = 40"F, the difference in p(f)~wis only 4 psi. At Tj(t) = 95°F it is 16 psi and at 100°F and .
above it is 4 psi. The result was 3.05 EFpY(l ()() MW). This vaiue was rounded off to 3.00 EFPY(I 00 MVV)for the calculation of P(t)~inin this report, and this explains the difference between p(&&) (679 psi) and the value of P(t)~in(681 psi) given in Table 3 for At= 3.0 EFPY(I 00 MVV)and TJt)= 80°F. It is also of interest to note that the value of p(t)mnin Table 3 for At = 3.12 EFPY(I 00 MW) and Tv(f)= 80"F is slightly (2 psi) less than p(ELF), as would be expected.
5.0
Recommendations
The pressures that should be used as operating limits for HFIR are those calculated using the upper limit on At and that include flaw growth. The corresponding curve for .
At (nominal) = 2.60 EFPY(I 00 MW) is presented in Fig. 5 , and the digital data are included in Table 3 for At (nominal) = 2.60 and 3.00 EFPY(I 00 MW). The calculated pressures for At= 3.12 EFPY(I 00 MW) are 295, 677, 753, and 850 psi for vessel flaw-tip temperatures of 40, 80, 88, and 11O"F. These temperatures are, respectively, the lowest expected, the lowest expected during normal operation, the .
vessel temperature corresponding to the vessel pressure safety limit, and the vessel temperature for normal operation. Pressures for At= 2.72 EFPY(I 00 MW) are at most .
only 16 psi higher.
The above pressures are based on the assumption that for each temperature a single value of the maximum permissible pressure is specified for the entire life-extension period. For shorter times, somewhat higher pressures could be specified for vessel temperatures greater than -95°F. For temperatures less than -95°F, the specified pressure could be increased somewhat with time, but it could never be greater than the hydro-test pressure (850 psi).
As more surveillance data are obtained, it maybe possible to decrease the uncertainty factor used for the radiation-induced damage rate, and this would permit some increase in the maximum permissible pressure. . A.5 and were also used in the HFIR vessel probabilistic fracture-mechanics analyses.A8
For the calculation of the HFIR hydro-test conditions and maximum permissible pressures, CTO = *I 7°F was used, but an uncertainty factor (e) with a range of 0.5 to 1.5 was applied to llR~~~~,rather than using o__ with @?T~~7Within these limits for e, there tends to be 'optimum" values of e that result in the most restrictive test and operating conditions [maximum value of p(l-1~, minimum value of At, minimum value of p(f)~j~. 
APPENDIX B RESULTS OF CALCULATIONS FOR THE PARAMETRIC STUDY
The purpose of the parametric study was to find which combinations of t, e, and RTM~r esulted in the minimum values of p(t)min.Equations (2)- (8) Equations (2)- (8)were usedto calculatethe timedependenceof p(t)for valuesof e and R TNDt hat result in the minimum value of p(t)~in(see Appendix B). Calculations were made f~r At= 2.6 EFPY(I 00 MW) considering and also not considering the beneficial effect of hydro testing. The latter calculation was petformed assuming a hydro test at 26 EFPY(I 00 MW) only. Results are presented below in Table C .1 and also in Fig. 2 of the text. Table D .1 and also in Fig. 3 of the text. Table E .1 and also in Fig. 4 of the text. conditions. More recently,3'8it was recognized that other "reasonable" curves might result in somewhat more stringent conditions, and eventually the ASME K,Ccurve was selected as the most reasonable. As indicated in Tables FI, 2, As discussed in the text, the values of p(t)~i. of concern are those that correspond to 0.5
.Se s 1.5, where e is the uncertainty factor applied to AND"TT. These values of p(t)~in * are also given in Appendix B, and the corresponding times and temperatures listed in Appendix B are the ones that were used in this appendix for the comparison t calculations. .
